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INERTIAL IMPACTION EFFICIENCY OF CYLINDRICAL COLLECTORS BY DIGITAL TECHNIQUES
AND EFFZCTS OF PARTICLE SIZE DISTRIBUTIONS

I.  INTRODUCTION.

The deposition of particles of intermediate ze (10 to 200 pm diameterj on collectors in a flow stream 1s
prinvipally based on the mertial impaction mechamsm, Incrual impaction of partides un collecturs is of interest in
diversified arcas such as crop dusting, musqusto spraymg, wi pullution control, aucraft wang, oarticulate buildup on
heat exchangers, and in practically any arcumstance where mattes in partieulate fonn is removed from a transpurt
fluid. The efficiency with which the particles are removed from the flow sircam 15 o function of the partile sie,
vollector size, and flow field conditions. For a stativnary oy lnder in a moving anstream, the tmpaction effiviency 1s
defined as the ratio of the cross-sectional arca of the upstream envelope cuntaming the trajectortes of the particles
which intenect the collector surface to the cruss-sectional area of the oy indnical collector normal to the direction of
flow. Estiniates of the impaction effiviency for a given set of conditions can be found by cumputing the trajectoris
of the particles that challenge the collector ur by graphivally deternunieg the efficency from cusves constructed
from the point-by-point trajectory calvulations. These methods aie adequate when only a few data points ate of
inierest but the technique becomes tedwous when estumating efficiencics For a vanety of pussible mpaction
conditions. In addition, the acrosol that challenges the collector generally consists of o wide range of sizes depending
on the method used for particle generation. It 1s recognized that, i 4 single parameter. such as the mass median
diameter (MMD), 1s used to haracterize the partide size distribution for computational purpuses, the expected
theoretical impaction effictency «an be grussly different from the expertmental efficiency. These differences can be
attributed 1n part to the turbulent nature of the flow ficld and to the nonlinear character of the inertial iImpaction
efficiency curves. The objectives of this study have been to develop a computer program that rapsdly caleulates the
izertial mpaction efficiency of o lindreal collectors for any given set of laminar flow conditiuns and o devise a
technique to assess the effects of a pariicular particle size distribution on impa. tion efficiency.

II.  BACKGROUND.

The theory of nertial impaction of sphercal particles on ¢y hndrteal collectors i an deal Tow field 1s
based on a numericdl solution of the equations of motion of the patticles underguing tiansport atound the bluff
budy. Development of the theory and assoviated digital computer techmiques has been desenbed i a previvus study !

. . e 3 . .
and provides the basis for this report. Langmuir and Blodgett® propused the following dimensionless form of the
equations of motion for a particle in Cartesian coordinates.

dv,  CpRe 1

— = — (u - v) (n
NTOX
dr 24 K
dvy CpRe 1
— = = (uy-vy) )
dr 24 k VY (2)
where
Ve Yy = particle velocity components normalized by the tree-siream velocity
uy,u, = airstream velocity components normahized by the tree-stieam velocny
U = free-stream veloaty at an mfimte distance from the cyhnder surface
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1 Cp = dragcoefficient for spherical particles in fluid

pd v
Re= LﬂP_ = particle Reynolds number with respest to local relative velocity
py = fluid density
g = fluid viscosity
dp = particle diameter
pdgﬁ
K= TR - inertial parameter of particle 3)
p = particle density
R = cylinder radius
T= -%- t = time scale

The inertial parameter, K, is a measure of the inertia of the particle and relates to the magnitude of the external
force required to cause a change in its direction of motion. If Stokes’ law of resistance is assumed, the inertial
parameter represents the ratio of the “stopping” distance of a particle projected with velocity U into still air to
the radius of the cylinder. A second dimensionless parameter proposed by Langmuir and Blcdgett is the velocity
field scaling parameter, ¢, originally defined ir. terms of the free-stream particle Reynolds number. The ¢
parameler is used to calculate the magnitude of the instantaneous Reynolds number of the particle at any point
in the flow field and can be related to the Reynolds number of the cylindrical collector as follows:

2—
5 = Reg 1850R = 9p,

Rey) @
K Hp ¢
where
d o0
Re, = —%— = free-stream Reynolds number of the particle
Re, = free-stream Reynolds number of the cylindrical collector

The magnitude of the ¢ parameter st any point in the particle path is a measure of the deviation from Stokes’
law due to the forces acting on the particle.

The starting point for a mathematical description of the fluid flow field around the collector is the
Navier-Stokes eguation. A solution to the general Navier-Stokes equation is possible after a number of limiting
assumptions are made with respect to the fluid and flow conditions. One form of <olution can be found if the
fluid is assumed to be ideal; i.e., constant density, irrotational, and without viscosity. The flow pattern around
the cylinder under steady-state coaditions is dependent on the Reynolds number of the collector. Where the
Reynolds number of the cylinder is one thousand or greater (¢ > 10 in air), the flow can be considered ideal in
the absence of turbuleace and the flow field is adequately described by potential theory for an incompressible
fluid. The streamlines for flow outside the cylinder can be obtainea and the airstream velocity components can
be written in dime~sionless terms as simple functions of the reduced position coordinates! ; namely,

y2 - 32
u, 1 + ———
X (x2 + y2)2 )
2x
u = - Y ©)
(2 + y2)2
S
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where the Cartesian coordinates have been normalized with respect to the cylinder radius.

A numerical solution of the differential equations of motion given above requires the inswntaneous drag
force on the particle to be estimated as the trajectory is develuped. The steady-state drag coefficiem of the sphere 15
a function of the Reynolds number, and the reliable experimental da.a as tabulated by Fuchs® have been
interpolated to obtain these estimations. The probable error in the drag coefficient for solid .pheres is claimed by
Fuchs to be less than 4% over the Reynolds number range of 0.01 to 500. These data are nearly identical to the
experimental data cited by Schllchtmg as adopted and reported by Hussein and Tabakoff.? Over the Reynolds
number range of 0.10 to 7.0, the earlier approximations used by Langmuir and Blodgett differ from the current drag
coefficient data.

The Cartesian coordinate system used in calculating the trajectory of particles around the cylindrical
collector is identical to that of Brun, Lewis, Perkins, and Serafini® and is shown in figure 1. The motion of the
particles is in a plane perpendicular to the cylinder axis which is the origin of the coordinate system. Theoretically,
the maximum angle of impingment, 9, is the angle beyond which no depusitiun occurs by the mertial mechanism.

Several simplifying assumptions have been .nade in the derivations and in computing the trajectory of a
particle. These assumptions include the following:

1. At an infinite distance upstream of the cylinder, the particles have horizontal and vertical velocity
components equal to the free-stream air.

2 The particles are spherical, monometric (uniform size), and monodisperse (single particles), and they
do not evaporate or deform.

3. Gravitational, clectrostatic, and any other external forces are negligible.

4. The particle radius is negligible with respect to the cylinder radivs. (For interception effect
considerations, see previous publication.”)

5. The boundary layer about the cylinder surface does not affect the particle trajectory.

6. The airfiow around the cylinder is described as ideal and without circulation and is unaffected by the
presence of the particles.

7  The instantaneous drag force coefficient for the particle is given by the steady-state data and is not
subjected to acceleration effects.

8.  All particles that strike the collector adhere to it.

Results of the digital computer trajectory calculations to determine the efficiency of impaction of
spherical particles on cylindrical collectors in an ideal flow field as a function of the K and ¢ scaling parameters are
shown in figure 2. The impaction data for inertial parameter values less than one (K < 1) are displayed 1n figure 3.
In addition to the impaction efficiency, the maximum-angle-of-impingement data are plotted n figure 4. The theory
has ULeen experimentally verified under laminar flow conditions for a wide range of inertial parameter and velocity
field scaling parameter values.3!1 In general, however, the theory is inappropriate for accurately predicting the
impaction efficiency of particles possessing small inertial parameter values on collectors 1in flud flows that exlubit
turbulence intensity levels above 7.5% or when the Reynolds number of the colle.tor is less than approaimately one
thousand (¢ = 10 in air).!! Further, the collection efficiency of a cylinder that is challenged by a dlstnbutlon of
particle sizes is not accurately predicted by a single particle parameter such as the mass median diameter.? ' ? For
many practical circumstances, though, the theory is quite sufficient, and this study has been undertahen so that
impaction efficiency predictions can be rap.Jly made by computer with minimum input data requirements or
computer programming background.
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II. METHODS AND RESULTS.

Results of the point-by-point trajectory calculations define the inertial impaction theory as shown in
figures 2 2nd 3 and provide the impaction efficiency as a function of the K and ¢ scaling parameters. These data serve
as the standards for which unique exponential functions have been obtained to fit the curves. The analytical
expressions for the standard ¢ curves can then be interpolated to determine the impaction efficiency for any
nonstandard X and ¢ value. A digital computer program has been developed to perform these calculations and only a
minimurmn of input data is necessary for operation.

The standard velocity field scaling parameter curves sslected for fit include ¢ =0; 1; 2.2; 5; 10; 22; 50;
100; 200; 500; 1,000; 2,210; 5,000; and 10,000. Each curve has been subdivided into four inertial parameter ranges
and each portion, respectively, has been fitted by the same form of the unique exponential functions. Any
differer.ces that occur between the computed efficien., along a standard ¢ curve and the point-by-point impaction
efficiency data are in the third or higher significant digit position and the maximum relative error observed has been
less than 1%.

Laprange’s interpolation formula has been used to compute impaction efficiency values for velocity field
scaling parameters enclosed within the aforementioned standard ¢ values that are equal to or greater than one. The
formulation used in this study has been defined as

M
(In ¢-1n &)
=] J

™

where

By, = 1.0/{explexp(Ap(1nK)N + Ap (InKONL + ..+ Ay(1nK)2 + AjInK + A} @)

and

0.13< K < 64

¢ ¢ = 1;22;5;10;...5,000; 10,000
hj=1,2..,13

M=12..,13 .

N = 4-7
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If64 < K < 300,
$;9; = 135;22; 100; 500;2,210; 10,000

Lj = 1,2,..,7
M=7

where K = inertial parameter valut of interest; 0.13 <K <300.

One advantage of Lagrange’s interpolation formula over other interpolative routines is that equidistance values of the
independent variable are not necessary to obtain a reliable value of the dependent variable. For ¢ values between O
to 1, where the potential flow assumption may not be valid, a linear interpolation has been employed.

Comparisons have been made between impaction efficiency values obtained by the interpolative method,
and the point-by-point trajectory technique and relative errors are less than 1% when the absolute impaction
efficiency is greater than 5%. For impaction cfficiencies less than 5%, the largest relative error observed has been
within 10% of the point-by-point trajectory calculated efficiency value and is due principally to round-off
(four-plase accuracy). The trajectory calculations had been terminated at the inertial parameter value of 64.
However, the interpelative routine extends this range to K values of 300 where the impaction efficiency curves
asymptotically approach the theoretical limiting efficiency of 100% for point-mass particles. Consequently, for all
practical purposes, the interpolative routine provides an accurate prediction of the impaction efficiency of spherical
particles on cylindrical collectors over an extensive range of inertial parameter values. A complete and detailed
description of the digital computer program developed in this study is contained in the appendix.

Experimental verification of the inertial impaction theory has been accomplished over a wide range of
parameter values. The theory turns out to be remarkably accurate for the monometric (single-size) particles used in

the experimental efforts especially in view of the assumptions that have been made regarding fluid properties and
flow conditions.

In practical applications, however, the aerosol that impacts on a collector will seldom consist of particles
of uniform size. The size distribution of the aerosol is a function of the methods and techniques used in generation
of the particles. A single empirical or theoretical equation does not exist that can universally predict the particle size

distribution resulting from the dispersion of liquids by spray nozzles, hot and cold gas atomizers, and explosive
disseminators or the dispersion of solids from mechanical dispersers.

A vast literature has been developed by various authors in their attempts to obtain mathematical
distribution functions that characterize experimentally generated particle size distributions. Familiar examples
include the Nukiyama-Tanasawa equation for drop sizes in sprays generated by air atomization, the Rosin-Rammler
equation for pulverized coal, Roller’s formula for powder materials, the normal distribution function for
symmetrically distributed particles of narrow size range such as plant spores, and the log-normal distribution for a
large number of condensation, natural, and mechanically generated acrosols. However, the intent of this study is not
to generalize on particle size distributions or delve into their specific merits and methods but rather to examine the

necessity of accounting for the particle size distribution when predicting the impaction efficiency of a particular
cylindrical collector.
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A sim ple technique used to obtain a size distribution has teen to microscopically observe and measure a
representative sample of an aerosol population. The number of particles that lie between radius r and r +dr can be
found as a function of the radius. The fraction of the total number of particles that lie in an interval is given as
an = f{t)dl’

oo
where / f(r)dr = 1.
o

The relative frequency distribution curve is found by plotting the resulting data representing dn, and the
vanous distribution functions mentioned above can provide a mathematical expression of the function, 1(r).

Distribution functions can be mathematically expressed and used in a2 number of ways depending on the
problem requirements. In some instances, the cumulative fraction of particles having radii greater or less than some
radius is convenient. Thus, respectively,

0 r
F(r)= f f(r)dr or F(r) = f f(r)dr
r o

In addition to the number distribution, the mass distribution function can be determined and is useful in many
practical applications. The mass fraction of particles having radii beiween x and x + dx is written as df = f(x)dx
©0

and f f(x)dx = 1. The mass distribution function is related to the number distribution function as

(o]
f(x) = w m,f(r)
where
m, = massof particle with radius r
w = proportionality constant

With respect to impaction of particles on collectors, one is usually interested in the mass distribution
function because the dose acquired by the collector is dependent on the aerosol mass that is deposited over the
sampling pertod. In order to estimate the mass collected, an average particle size is generally computed and applied
to the meruial impaction theory. The objectives of using an average diameter or other measure of central tendency
are to provide a single number that will simply descrite the behavior of the entire aerosol population and to
chminate an extraordinary number of tedious calculations. The problem is that the inertial parameter value
computation makes use of the square of the particle diameter and, further, the impaction curves are a nonlinear
function of the inertial parameter. Consequently, an accurate estimation of impaction efficiency or mass deposit can
only be expected when a single particle size estimator is used if the particle size distribution is over a very narrow
range.

In order to demonstrate the effect that a particle size distribution has on the impaction efficiency.
experimental data are required for comparison purposes. Most of the experimental work that has been performed in
the past to verify the inertial tmpaction theory has been conducted with monometric (single-size) acrosols. One
notable exception is that of Landahl and Herrmann.!2 Several authors refer to these data but they consider the
results to be of limited value due to the use of heterogencous aerosols, especially at small values of the inertial
parameter.
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‘g} Landahl and Herrmann studied the deposition of aerosols on wires and cylinders with particles generated
4 by an impinger-type atomizer and by a “modified Brink’s nozzi¢.” The size distributions were obtained by cascade
L impactor:, and microscopic observations and representative distributions of the clouds produced are illustrated in
3 the following table:
‘ Diameter
i Percent® Small particle Medium particle Large particle
. cloud cloud cloud
' ) pm um
5 {0.8) 1.8 5
10 1.0 29 8
50 4.0 13 28
90 12 40 58
98 (20) 55 75

*Percent of mass less than stated diameter.

These data are not easily fitted or well represented by the aforementioned distribution functions.
However, a general statistical distribution function that has found wide applicability recently is the Weibull
distribution function.!3"!5 This distribution function has been successfully used in processes involving limits

and maxima/minima problems that include lifetime and failure rate distributions of electrical systems. It has also
been used for describing bounded particle size distributions.

The cumulative distribution function of the Weibull distribution has been applied to the Landahl
and Herrmann data and has been expressed in the following form:

F(x) = 1 - exp [ (%_:Z’)B] )

where

F(x) = cumulative mass fraction

X = particle diameter (um)

Y = minimum size; location parameter (um)
n = characteristic size; scale parameter (um)
B = shape parameter

The triat-and-error method of estimating the Weibull parameters has been described by Nelson!? and
a digital computer program has been developed!$ 1o estimate the parameters of the distribution function for the
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small, medium, and large particle clouds. The parameter approximations obtained by the principle of maximum
likelihood method turn out to be as follows:

Parameter Small cloud Medium cloud Large cloud
1 5.3053 179678 34.4356
g 0.9532 1.1183 1.7461
04 0.5919 0.5269 -1.7375

Evaluating the cumulative mass function for the experimental particle diameters to assess the Weibull distributiun
fit yiclds the following comparisons:

Experimental Small cloud Medium cloud Large cloud

F(x) X F(x) calculated X F(x) calculated X F(x) calculated
% um % um % pm %

5 038 5 1.8 5 5 5

10 1.0 9 29 10 8 10

50 40 52 I3 50 28 51

90 12 90 40 92 58 91

98 20 98 55 97 75 98

As observed, an adequate fit 1s obtained for al} clouds considering the limited available data and the
wide size distubutions that are involved. It must be emphasized again that the objective is not to find the
“correct” distnbution function to describe a particular particle size distributior but rather to approximate the
function as smply as possible and to test whether the resuitant distribution significantly affects the impaction
efficiency predictions.

Given the above distnbution functions and approximate values for the Weibull parameters, one can
solve equation 9 for the particle size as a function of the cumulative mass fraction. F(x): namely,

x =7+ () [1n<]_F'(x) >]”B (10)

Subsequently, by selecting appropriate values for F(x), the average particle size associated with a
given particle mass interval can be determined by difference. For example, if 307 of the cloud mass has particle
sizes below 7.4 pum and 31% of the cloud mass has particles less than 7.6 um in diameter, then 1% of the cloud
mass 1s represented by particles with an average diameter of approximately 7.5 um. The impaction cfficiency for
each size interval can then be computed and an average efficiency can be obtained for the entire distribution.
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A computer program has been writtento perform the tedious computations for cach 1% mass
mterval, and the average distribution impaction efficiency 1s found based on 96% of the cloud mass. In addition,
the program provides the impaction efficiency based stnctly on the mass median diameter of the cloud. The only
supplementary imput requirements necessary for use of the distribution function option to the computer
program are the Weibull parameters 7,8, 7.

The sample distribution functions have been used to compute average impaction efficiencies for
comparison with the experimentally obtained efficiencies of Landahl and Rerrmann. The resuits of these
computations are included in table 1. The velocity field sialing parameter values for the Landahl and Herrmann
tests are very low and theoretically the potential flow assumptions regarding the fluid flow field should not
apply. Further, Landahl and Herrmann state that the airflow was turbulent. but the degree ot turbulence is not
indicated. In addition, the illustrative particle size distributions provided by Landahl and Herrmann do not
correspond with their reported efficiency data except for the 13-um-MMD case. M. vertheless, examination of
table 1 clearly shows that the eoretical impaction efficiencies for the distributuwy functions more closely
predict the observed impaction efficienuies than the mass median diameter computed cfficiencies for almost al!
crcumstances. This is especially tru. for the 13-um-MMD case where the assumed particle size distribution
apparently matches the expernimental mass median diameter and the theoretical efficiencies turn out to be
considerably more accurate than the mass median diameter prediction. Note that the small- and large-cloud
particle size distributions have mass median diameters that exceed the experimental mass median diameters and.
therefore, tend to overestimate the theoretical effiiencies from the distribution function. Thus, to summarize the
results, when the particle size distribution 15 used to compute the average impaction effiviency for the Joud, the
prediction corresponds much more clusely to the observed efficiency than that of « simple mass median diameter
prediction. The predictions are relatively accurate when the partivle size disteibution is known as evidenced by
the 13-um-MMD test case.

IV.  DISCUSSION.

The important concluston that can be drawn from the theoretical and experimental data presented in
table 1 is that use of the mass median diameter tu describe a partidle size distribution will seldom result in ar,
accurate prediction of the impaction efficiency for the cloud. In general. at large values of the inertial parameter,
K, the mass median diameter overestimates the impaction effiviency of the distribution, whereas, for small values
of the parameter where the theoretial effiviency for the mass median diameter is less han 17, the efficiency
can be underestimated by orders of magmtude. These differences are duc to the nonlinear character of the
mertial impaction. theory. However. when the partile size distribution is wonsidered in the predictions, the
agreement between theory and experiment is much better.

Calculations were performed using the typical particle size distributions previously given to
determuine the range of inertial parameter values uver which the mass median diameter predictions were within
~10% of the average impaction efficiencies for the distnbutions. In general, 1f the mass median diameter yiclds a
K value between 1 and 2, for all ¢ values, the effect of the distribution on efficiency need not be considered.
When the inertial parameter value based on the mass median diameter lies outside this range, the average
distribution efficiency will differ from the mass median diamcter predicted efficiency by more than 107. To
accurately predict the impaction efficiency for heterogencous acrosols when the K value for the mass median
diameter is less than one, the particle size distribution must be taken into account. Unfortunately, data are not
available to determine the degree of monometncity of the distribution that is required in order that the mass
median diameter or other average particle diameter will adequately represent the population over the entire
inertial impaction region of interest.
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It is also interesting that the predicted efficiencies are close to the experimertally measured
effic.encies even though the velocity scaling parameter values are much less than 10 in some cases. In general, the
lower ¢ values would lead to reduced impaction efficiencies because the flow field would tend to exhibit viscous
flow properties. On the other hand, no account of interception effects has been made for the interpolation
routine, and interception could occur since the particle to collector diameter ratios are substantial The mass
median diameter to collector diameter ratio ranges from 4.1 X 104 10 34 X 1071, The effect of interception
would be to substantially increase the values of the mass median diameter efficiency. However, with such large
diameter ratios, the collection efficiency may not equal the theoretical impaction efficiency due to particle
beunce-off and re-entrainment from the collector surface.

The Weibull distribution function is a simple mathematical function that adequately fits the data of
Landahl and Herrmann. It may not apply to all particle size distributions of interest but as stated by Professor
Weibull, “The only practical way of progressing is to choose a simpls function, test it empirically, and stick to it
as long as none better has been found.”'3 The graphical technique for estimating the Weibull parameters as
presented by Nelson!® was found to be convenient and simple to usc, and best estimates of the three parameter
values can be rapidly found by digital compulcr.l6

The computer program prepared for this study and presented in the appendix cnables impaction
efficiency predictions to be made over practically the entire region of interest of inertial impaction on cylinders.
Four optional computational methods are provided for the user depending on the amount of input information
available. Option 1 provides the impaction efficiercy of a cylinder and assumes unit density particles and an
ambient temperature of 20°C. The only mput requirements are the mean windspeed. cylinder diameter. and
particle diameter in centimeter-gram-second units. Option 2 makes use of all the variables required to compute
the K and ¢ parameters defined by equations 3 and 4, but the program provides the necessary calculations based on
these input values. Option 3 assumes that the user has computed the K and ¢ parameter values from equations 3 and
4 and desires only the predicted efficiency. Thus, only the K and ¢ input values are required. Option 4 considers
the Weibull distnbuticn function and requires all input data from option 2 except for the particle diameter for
which the Weibull parameter estimates of n.g8.and ¥ are substituted. The program computes the average
impaction efficiency of the distribution, as well as the efficiency based on the mass median diameter of the
distribution. Option 4 has been separated from the main program so that the reader could substitute his own
distribution function. 1f required. with only a few minor program changes. A detailed explanation. sample input
cards, test cases with sample outputs, and the complete program are provided in the appendix for the
convenience of the reader.

The approximation methods developed in this study to calculate the impaction efficiency of a
cylinder for any K and ¢ value have reduced the computational time for the pomnt-by-point trajectory
calculations used to develop the inertial impaction theory from 5.6 seconds to 13 milliseconds per data point on
a digital computer comparable to a Umivac 1108 computer without saenficing the accuracy of the prediction

V.  CONCLUSIONS.

1. Standard inertial mmpaction efficiency curves for cylinders developed from point-by-point
trajectory calculations have been fitted by unique exponential functions.

2. Lagrange’s interpolation formula has been adopted and applied to compute the impaction
efficiency of a cylinder for any parameter values of 0.13 <K < 300 and 0 < ¢ < 10.000.

3. The accuracy of the impuction cfficiency computations by use of the digital computer
program 1s withi * 1% of the point-by-point 2fTiciency predictions.
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4.  The cumulative disiribution function of the Weibull distribution has been incorporated into
the digital computer program and has been used ) fit the experimental particle size distributions of Landahl and
Herrmann.

5.  The average impaction efficiency for the particle size distributions and the mass median
diameter impaction efficiencies have been compared to the experimental data obtained by Landahl and Herrmann
for heterogeneous aerosols.

6.  Use of a mass median diameter to characterize a particle size distribution does not accurately
predict the experimentally obtiined impaction efficiency. For large values of the inertial parameter, the mass
median diameter overestimates the efficiency and, at small inertial parameter values, the mass median diameter
significantly underestimates the impaction efficiercy.

7.  Consideration of the particle size distribution in impaction efficiency predictions results in
good agreement between theory and experiment.
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ARPENDIX

DIGITAL COMPUTER PROGRAM FOR INERTIAL IMPACTION EFFICIENCY COMPUTATIONS

I. INTRODUCTION.

The computer program IMPEF and its subroutines LAGRNC, WEIBUL, and POLY have been whitten for
the Edgewood Arsenal Univac 1108, time-sharing, multiprocessor system.

IMPEF has four executable options. Three of these enable the user to input various particle and fluid flow
conditions to obtain an inertial impaction efficiency value. The fourth option computes the average impaction
efficiency for a particle size distribution generated from the Weibull distribution function and provides the
impaction efficiency for the mass median diameter (MMD) of the distribution.

II. MATHEMATICAL BASIS OF PROGRAM IMPEF.

The first step in the development of the approximation methods has been to employ the point-by-point
particle trajectory method* to obtain the inertial impaction efficiency curves for 14 selected velocity field scaling
parameter values chosen as standards (¢ = 0; 1:2.2; §; 10; 22; 50; 100; 200; 500: 1,000; 2,210; 5,000; 10,000).

Polynomial equations have been developed that accurately fit the standard ¢ curves. Each curve has bee.
sectioned into four parts representing four intervals of the inertial parameter, K (0.13-0.22; 0.22.0.5; 0.5-1.0:
1.0-64.0). The polynomial coefficients are stored in the subroutine POLY. If the K parameter lies between 0 and
0.13, the impaction efficiency is assumed equal to zero based on resuits obtair.ed from the point-by-point trajectory
model computations.

In order to approximate the impaction efficiency for any nonstandard ¢ value over the range 1 < ¢ <
10,000, Lagrange’s interpolation formula has been applied after assuming a functional relationship exists among
the efficiencies at a given K value. The advantage of Lagrange’s interpolation routine is that equidistant values of
the independent variable are not necessary to obtain a reliable result, A linear interpolation has been used for
those cases where the ¢ value falls between O and 1.

Lagrange’s routine is utilized with alternating standard ¢ curves (1; 5; 22; 100; 500; 2,210: 10,000) to
compute efficiencies for inertial parameter values in the extrapolated range of 64 < K < 300.

The adaptation of Lagrange’s interpolation formula used in the LAGRNG subroutine of the program
IMPEF is written as:

M
nm (Ing¢ -1In ¢j)
T

”

M

0 (In¢;~n ¢)
7l
i

*Stuempfle, A. K. EATR 4705. Impaction Efficiency of Cylindrical Collectors in Laminar and Turbulent Fluid Flow. Part I.
Inertial Impaction Theory. March 1973. UNCLASSIFIED Report.
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and K = inertial parameter value of interest; 0.13 < K < 300.

¢ If0.13 <K <64,

-

i ¢j = 15 2.2; 55 10; 22; 50; 100; 200: 500; 1,000 2,210; 5,000; 10,000
Fe i,j=1,2,..,13
M=1,2,..,13
. N=4,5,60r7
If 64 <K <300,

5 ¢; = 1355 22; 100; 500; 2.210: 10,000

Ap('s are the coefficients obtamed from the it of the standard ¢ curves and are gven in the subroutine POLY.

Es

I1. EXPLANATION OF INPUT FOR PROGRAM IMPEF WITH EXAMPLES.

Option One.

Computes the veloeity lield scaling parameter, ¢, the inertial parameter, K, and the inertial impaction
efficiency assuming an ambient temperature of 20°C and unit density particles. Requires input of patticle
diameter. cylinder diameter. and free-stream wind velocity.

tormat for Input Cards

Card Column Fc rmat Symbol Denotation Unit
1 1 1 ioP Qption
2-80 79A1 iD Data identification
2 1-i0 F10.0 U Free-stream velocity cm/fsec
11-20 Fi0.0 D Collector diameter cm
21-30 F10.0 PDM Particle diameter microns
Appendix 23
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Sample Input
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Sample Output

TEST CASE FOR OPTION ONE

PARTICLE DENSITY = 1.0000+00 GM/CC FLUID- DENSITYI = 1,2047~-03 GM/sCC
FLUID VISCOSITY = 1.8100U-04 POISE COLLECTOR DIAMETER = 1.4200 CM
FREE-STREAM VELOCITY = 424.650 CM/SEC

PARTICLE DIAMETER = 55.000 MICRONS

VELOCITY FIELD SCALING PARAMETERe PHI = 42,9023 -

INERTIAL PARAMETERe K = 5.6326

INERTIAL IMPACTION EFFICIENCY = 7353164 .

Option Two.

Computes the velocity field scaling parameter, ¢, the inertial parameter, K, and the inertial impaction
efficiency for the applicable input conditions. Requires input of particle diameter and density, collector diameter,
fluid density and viscosity, and free-stream wind velocity at the applicable temperature.

Reproduced from ¥
best available copy.
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Format for Input Cards

Card Column Format Sy nbol Denotation lﬂ_l_
1 1 11 IoP Option
2-80 79A1 ID Data identification

: 2 1-10 E10.0 RHO Particle density gm/cc
: i 11-20 E10.0 RHOA Fluid density gmjce
: 21-30 E10.0 RMU Fluid viscosity poise
: . 3 1-10 F10.0 u Free-stream velocity — cm/sec
. 11-20 F10.0 D Collector diameter cm
H 21-30 F10.0 PDM Particle diameter microns

Sample Input

EEIYT TR E
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CTEST CASE FOR OPTION TWO
“.'_—j.’_,d] SRR o it Pt 2t A 3 Ay e B 0 T G e T i B A T R T R R R A AT RNE _? \
4 M s v it B a AN d B AN RN u BRI N BT P NI U UA VWG A AT AW R w g ine
: [cme S DO S B N TR T LM N LN 0 Y W 1 VA T 3 30 37 97 33 32 33 36 3/ 3 3% 40 4V 47 a3 a4 ¢
WDODEOOUDVOOOJOOOhﬂ000DBUD00%?60000D000000000000000000000000000000000000000000“0
i
SRR R R R R RN RR R RN RRRR AR RRNER
221022222

3933533338

!

y44r444444 I R R R RN R RR
555555555ESSQSSSSS55555555555%5555555551555551551:555555555‘5jjr555555555555555r
66

]
\rﬁ,ij.fsﬁ 616.6.6(6/5 FB.66 6 6 666 6.8 B 66 66,66666661666,666 666656 6l6ls 6 6166666 66666158 66 66586 §!§_§§ §
VE
1

“w nr

GENERAL PIRPOSE 8 FIELO

I~

GENERAL PURPOSE 8 F F D

Hrrnregngeap g
222222222??22?22222222222222222227222222222222222222222222222222222222
333033SHJﬂS3&33$33%ﬂ33ﬂ3333333333333333333333333333333333323331?333333

444444444%

ez

44444444q444ﬁ444444444‘4644444444444444

GENERAL PURPOSE @ F:LLD
-

FE o€ g o

1M sz00

T ey
R

§ > 6 § 5686
' ONE | TWO ' THREE FOUR _ | FI SIX “SEVEN EIGHT |
n17111117111-71791771,777'1nilvngw7751'”7]177‘177]77777nlrﬂ 11111751111111,17111“7” RRIEIU
1 i 4 M i

i !
ﬁaB@B&%BBFﬁBEjEEﬂBWﬁB&!9888B8%%88888888%88838888898!8?8!8888880883383}8333890032
! : !
L, 19999881839¢ 9932?995939SB99399&ﬁ99999L99Lﬂ99m99@99 9ﬂp939999%99p09e9999993999999
ITRIE Y X

M sia0

i [ ?
o
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Sample Output

TEST CASE FOR OPTION TWO
i PARTICLE DENSITY = 1.0430+00 GM/CC FLUID DENSITY = 1.2047-03 6M/CC
i FLUID V{SCOSITY = 1.8100-04 POISE COLLECTOR DIAKETER = 1.2000 CM ;

‘ FREE~STREAM VELOCITY = 312.500 CM/SEC i
‘ PARTICLE DIAMETER = 75.000 MICRONS

1 VELOCITY FIELD SCALING PARAMETERs PHI = 25.9453 ;
§ INERTIAL PARAMETERy K =  9.3792 3

INERTIAL IMPACTION EFFICIENCY = .8221419
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Ogtion Three.

Cemputes the inertial impaction efficiency for a given set of K and ¢ input parameter values,

Format for Input Cards
Card Colunmn Format Symbol Denotation
1 1 11 10P Option
2-80 79A1 ID Data identification
2 1-10 F10.0 PHI Velocity scaling parameter
11-20 F10.0 RK Inertial parameter

Sample Input

3 _J_ -, d N
O N W ICT £ AT T TN T DM T R AARAR :mu—arﬁ'rmmﬁm—.mmmﬂnj !
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'1nnnnn|nnnltnnzlnnnnmnnmnlnnnnmnmnnmmnnnn
:zn!zzzz!nzzzzzzzz‘

GENLRAL PURPOSE 8 FIELD
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Sample Qutput

TEST CASE FOR OPTION 3

VELOCITY FIELD SCALING PARAMETERe PHI = 8.4367
INERTIAL PARAMETERe K = 23.9025

INERTIAL IMPACTION EFFICIENCY = .9223695
POTENTIAL FLUID FLOW MAY NOT APPLY
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! . Option Four.

s -

ii . Computes a particle size distribution generated from the Weibull distribution function, the average
E 1 inertial impaction efficiency for the distribution, and the efficiency for the mass median diameter of the

distribution. Requires the Weibull parameter values of the distribution, particle density, collector diameter, fluid

E | density and viscosity, and free-stream wind velocity.
, i
1 Format for Input Cards
3 . Card Column Format Symbol Denotation Unit
1 1 n 10P Cption
2-80 79A1 ID Data identification
- 2 1-10 E10.0 RHO  Particle density gm/cc
N 11-20 E10.0 RHOA  Fluid density gm/cc
21-30 E10.0 RMU Fluid viscosity poise
3 1-10 F10.0 u Free-stream velocity cm/sec
r’. 11-20 F10.0 D Collector diameter cm
4 1-10 F10.0 ETA Weibull scale parameter microns
11-20 F10.0 BETA Weibult shape parameter
s 21-30 F10.0 GAMMA Weibull location parameter  microns

Sample Input
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: ! TEST LASE FOR OPTION FOUR
‘ | PARTICLE DENSITY = 3.08304G0 8M/CC FLUZD DENSITY = 1,2047-03 GM/CC
{ FLUID VISCOSITY = 1.8300-08 POISE COLLECTOR DIAMETER = .9700 CM
FREZ~-STREAM VELOCITY = 357,600 CM/SEC
VELOCITY FIELD SCALING PARAMETERs, PHI = 22.2678
WEISULL PARANETERLS SCALE = 34,8356 SHAPE = 1.7461 LOCATION = -1.7375
AVERAGE INERTIAL INPACTION EFFICIENCYl = .84656792
i CUMULATIVE MAXIMUM INTERVAL INERTIAL
PER CENT PART DIAM AVERAGE INERTIAL IMPACTION
HASS {MICRONS) {MICRONS)  PARAMETER EFFICIENCY
2 2.134
2.547 .0178 .0000000
3 3.160
3.607 .0331 .3003000
y 4.055
4,459, -0508 .30090C0
5 4.864
. 5.238 .0698 .0000070
? : 6 5.612
' ' 5.964 .0308% .3007000
, 7 §.315
: , 6.648 $1124 ,3000000
: 8 6.982
7.300 <1356 .300r0111
3 7.619
7.925 .1598 .2015133
10 84232
8.528 1859 .307118}
11 8.824 i1
9.112 $2112 - .0161853 < g
12 3,399
9.679 .2333 .0288266 3;
13 9,959 4 3
10.232 . 2564 .0429852 L
14 10.506 11
13.773 . 2953 <0580635 {4
15 11.041 ;3
11.303 3250 .0748713 i
16 11.565 7
11.823 . . 35586 .0916102 ;o
17 12.081 }
12.335 .3871 <10R4189 1%
18 12.589 i g
12.840 <4194 .1253332 P
‘ 19 13.090 j
: 13.337 <4525 .1422780 T ?
| 20 13,585 - ;
: 13.829 .486S .1585318 ;
: 21 14,073 ’
) 144315 .5213 .1749852
: 22 14,557 4
14,797 .S570 «1913652 j
23 15.037
15.274 .5935 .2068813 i
) Appendix : 28
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CUMULATIVE HAXTMOUNM INTER VAL INERTIAL

PER CENT PART DTYAM AVERAGE INS<TIAL IMPACTION
MASS {MICRONS? (MITOPONSY PASAMZTER EFFICIENCY
24 15.512
15.748 +620: «2219787
25 15.9¢84
16.¢13 «659¢ . 2369364
Zo 15,453 .
lo.650 « 7352 «2518721})
. 217 16.219
17.151 ~ 748y « 2685775
25 17.333
17.614 e 7597 »280%S0C
2° 17.845
1€.J7e <3212 «234289%
22 le.300
18.535 « 1747 «30°1217
21 loe705
17 .55y «3173 . 32057812
32 13.22»
12.45¢ 32 2% «3317202723
31 19.651}
13.83° 1.227% e 3337 7%
3y 2u.l138
2J.3vo0 1.755¢ « 3551415
23 2J.594
20 I K 1.1037 « 27527211
3z cleuda
21.c¢80 1.182° « 382 327E
37 <l.5u0
21.737 1.2532° «3322°11
3z ¢l .%bo
22.13% 1.72532 SUNLTIT7E
34 Z2.4.048
2ie.054 1.33%= «81037 3¢
40 Sledch
Z23.114 1.7537 L8271342
41 -Je3u>
23..7¢ 1.41u" +4377713
4. 23.807
24,332 1.070G1 2Uuellnl
4?2 4,271
24 .30 1.827¢ 4582405
4y 24,727
24,971 1.5267 JHEDIRUG
; us 25.233
2L..4U9) 1.006°% «4T7785E2 3
46 25,675 i
2%.512 1.73¢1 SH4RT TNy .
47 Js.l48
2¢.737 1.7713 SUYr 723 Y
ue 26.6¢5 ;
2€.560 1.#35" .10 38U> ]
43 27.1C4
27.3u45 1.8522 «51U8322Y
A .
ppendix 2 Reproduced from %
, best available copy. &
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CUMULATIVE MAXINUM IRTERVAL. INERTIAL

PER CENT PART DIAM AVERAGE INERTIAL IMPACTION
MASS (MICRONS) {(MICRONS ) PARAMETER EFFICIENCY
S0 27.587 1.9361 5193225 MMD
27.830 1.9703 «5237306
51 28.073
28.318 2.0401 +5324161
52 28.564 ) .
28.811 2.1117 5403554
53 29.058
29.308 2.1852 <549354¢E
‘ 54 29.558
: 29.810 2.2607 .5576294
g 55 30.062
| 30.317 2.3382 565757y
i 58 3U.572
33.829 2.4173 5737727
| 57 31.087
i 31347 2.499¢ .5816702
, 5¢& 31.608
! 31.871 2.5842 5834535
; 59 32.135
: 32.402 2.6703 5971326
! 63 32,669
32.940 2.7503 .60u7393
51 33.210
33,485 2.8524 .5121£73
62 33,759
) 34.038 2.947u .5195723
63 34.316
34,599 3.0454 6268686
b4 34 .882
35.170 3.1467 .5 34NENG
65 35,457
35,749 3.2513 $ 5412172
65 36,042 ;
364339 3.359% 65482793 L
7 36,637 t
36,940 31,4715 .5552%€3 1
6¢& 37.243 o
37.553 3.5875 6621757 o
62 37.862 ]
384177 3.7073 .66501228 £
73 33.493 j
384815 3.8323 57558322 1
71 39.138 ;
39.468 3.9628 .5825782 .
72 39,798 ]
49,138 4,0989 .6892787 |
73 40.473
40.819 4.2383 .6959295
74 41.166
41.521 4. 3559 .7025444
75 41.877

42,242 4.5395 « 70812586
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MAX IMUM
PART DIAM
42.608
“3 036‘_)
44,135
qs 0769
45 .633

77.268

INTERVAL
AVERAGE

(MICRONS)
“"2.984
43,748
44,537
45.353
46.193
47.378

3201 13

€7.435
73.594

Ju.ES3

31

INERTIAL
PARAMITER

4,7237

Repro

ced from
bes! i‘r’aﬂab\e copY-

INERTIAL
IMPACTION

.7156731
.122210c
.7287°S4
.7352315
LT4173°7
«TULZURY
.75u7723
L7E13263
L1871 27

STTUETTE

«ETC1ITT]

s51u8711

tar
L]

L12u377%
.23231°]
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-85°371¢

EEN] 70
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4

- OV W

nm

11

12

13

s

16

MAIN PROGRAN IMPEF

DSINENSION PD{38)eAPGIITI+RKSIST)IEL37)ID(T7)
IPRT=0

READ (5¢34%.END=29) IOP.ID

IF (JOP.LT.1.0R.I0”.6T.4%) 50 TO 28

G0 TO (Le9e5.11) 10P

EAD (5+¢35) UeDe”DH

IHC=1.C

IHOAZ]L .2NNTE-3

INYZ1.81E~-%
RK={F0MePDYe 1, IE-8) o { (RHO2Y) /{2, 0eRNYeD))
PHIZt3,0¢RHOA*RHIA U D)/ {RNU*RHO)

30 T0 ©

READ (5¢36) RHO«RHIASRYUcUsDePDM

60 T0 3

READ (5+38) PHIIK

1F (IPRTI 74746

WRITE (6¢32) 19

G0 TO0 8

dRITE (6033) IS

IF t10P.2G.3) GC TO 30

MRITE (6+41) RHGCeRHOR +MUDWJ

dRITE (B.42) PDM

IF (K .GT.0.,13.AND.RX.LE.300.) GO TO 12
IF (K JLED.JIR.AK,53T.330,) GO TO 27
EFF=3.0

50 T0 22

REAG (5¢37) RHOWRHOIA«RMU+UD
SHIZ(9,0eRHOA*RHOA*U* D)/ (RMUsRHO}

IF (PH].LT.2.0.0%.,PHI.CGT.10000.0) GO TO 28
IF (PHl.LE.1.03 50 TO 13

CALL NUHMRTR (PHI)

IF (I0OP.NE.4) GO TO 21

WRITE t6+32) ID

WRITE (6¢41) RHOsRHOA KUY eDoJ

NRITE {6043) PH]

CHLOZ{ (RHOeU)/ (9.oRMYsD))e) DE-8

CALL WEIBUL (CHLD«IXKMMUD+PD+APDoRKS)
SUME=0.0

00 16 I=22.97

IF (AXKS(I).LE.J.13) GO TO 14

CALL LAGING (PHIRXSIDI«EAIN

GO T0 15

EtI1=0.0

SUME=SUME+E(])

CONTINUE

AVGESSUME/96.

WRITE (6e44) AVGE

YRITE (6931}

WRITE (6s45)

LINESZ12

D0 20 J=2.97

LINESZLINES+2

IF {1.EQ.50% GO TO 17

ARITE (6e46) I+PD(IIoAPDII)oRKSLINE(T])
IF (LINES.LT.55) GO TO 20

JuIEF Ay
1uPEen~>
IMPEFD?
jvacro-s
JuDEFanz
HE el 2o iake
I¥PEFO~7
ivagrdTe
IudE7F N2
LurerFgy ™
1MPEFOI
{vdifg1?
ireFa)?
J2MIET NG
JuacfF) =
fu2EFr MR
LMPEF 21?7
ivogry -
1¥2EF2) ~
L wogEn~na
i“2EFI21
I¥2g72r?
Pk AR
ivoern u
Iu22Fq
HCI XS
1pPEF327
IuPEFg2 e
LUPEF 229
Iydcrn1a
IM2g7 34
IMPEFQ22
ITMPEFQLY
ITH2EF T4
IMPEFO3S
iMPEFORE
IMPEF2?7
IMPEFO3S
IwPerFQpYQ
IHIEFQuUN
IMPEFQu]
1MpPEFQd42
I MPEFNL Y
I1MPEFQuUUY
IMPEFOQUS
IHPEFOUG
IMPEFQOUT
IMPEFQuR
INPEFQUY
IHPEFQSP
IMPEFNS 1
1MPEFOS2
IKPEFOS3
IHPEFOSH
INPEFOSS
IMPEFOS 6
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- Appendix

17

18

13

21
2

23

25

42
43
Yy
4s

46
47

48

50

LINES=G IuogFe 7
MRITE (630 IM2EFNT 2
WRITE (6045} iMPEFTe D
S0 13 20 fvwpgraen
IF (QKMMD.LE.J.13) GO TO 19 IPPEFar]
CALL LAGRNG (PRIRKM4DFFF) LTwoEFne2
WRITE (60473 ToPD{I)eRKMMDLEFFeAPDL ) oRASIIVEUL]D IvaLFnas
50 To 20 juorTFncu
EFF=0.9 LMIFFNT S
50 YO 18 LMACEES
CONTINUE TUPEFY 7
1z98 LPPCFNT 0
aRITE (5461 [PDII) P e ]
IPRTZ-] fuogF =
S0 10 2) LHPEF N Y
CALL LAGING (PHIeSKEFF) ISl 3 20 R
WRITE (6039) PHI+RK.EFF IpIgF T
12971 IM2Fr 374
1F (PHI-10.) 24.2S.25 HLLT S Bkl
WQITE (6+40) Juoey 7,
JRITE (oo 3 fudLFeT?
o0 T2 1 JMPEFQ?3
dUTE (6.6E) 1IP M7 -
30 T3 25 IMPCFGE”
WRITE (6+¢49) RK LUMPEFAsd
50 19 29 LYdEF Qe ?
dRITE (5+50 PHI 1v2EFne>
CALL EXIT iMPEF TG
FORMAT (1IH]} IMPEF N2 =
FCRMAT (/) Jupgsqer
FORMAT (1H1.73A1) IMIEF PR T
FORMAT (1H +7941) IMPEF QF P
FORMAT (11.7941) LY2FF P2
FORMAT (3FI1C.D) )& 4 Zoiaicinl
FORMAT (3£15.0/3F10.3) IMPEFLo}
FORMAT (3F10.9/2F12.3} IMPEF N2
FORMAT (2F10.7) IMPEF OO

FORMAT (40H VELOCITY FIELD SCALING PARAKITER, PHI z+F1].4/24H INFRRIMPEFCOU
1TIAL PARAMETER, K ZoF3.4/32H INERTIAL IMPACTION EFFIZIENCY ZoF9.7)I%PEFCIS
FORMAT (3SH POTENTIAL FLUID FLOW MAY NCOT APPLY) IMPEF 026
FORMAT (19H PARTICLE DENSITY Z¢}PE10.4s6H GM/CCouXe15HFLUID DENSITIHPEFO2T7
1Y Z¢1PE1B.4eB6H GU/7CC/18H FLUID VISCOSITY =o1PE1O.4eBH POIScotXe IMPFF Q98
220HCOLLECTOR DIAMETER =¢JPF7.4+¢3H CM/23H FREE STREAM VELOCITY =. [INMPTFA2Q

30PF3.3+7TH CH/SEC) IMPEF1TP
FORHAT (20M PARTICLE DIAMETER ZeF8.3¢8H MICACNS) IMPEF 1D
FORMAT (40H VELOCITY FIELD SCALING PARAMITERs PHI =+Fll.4} LHPEF1N2
FORMAT (80H AVERAGE INERTIAL IMCACTION EFFICTENCY =¢F9.7) IMPEF 13
FORMAT (3X210HCUMULATIVE o6X o 7THAAXIHUMeHXe BHINTERVAL 17X, IHPEF 11U
1BHINERTIAL/4X ¢ S6HPER CENTe6X 9o SHPARY DIAMeSXo THAVERAGE el X IMPEF 115
2BHINERTIALe6X s QHIMPACTION/S X0 4HMASS ¢ 8X o3 {PICRONS) o 4X o SH(HMICRONS) «IMPEF 116
33X eSHPARAMETER +4Xe Y QHEFFICIENCY) INPEF 117
FORMAT (BXol3eXoFB.3/31XeFB.303XeF9eleS5XeF9.7) IMPEF]INS
FORMAT (6XoI3¢9XeFB.3¢16XeFOo6oSXeF9.7e4H HHD/ 31 X+sFBa303XeFFelioSXsIHPEF109
1F9.7) IMPEF110
FORMAT (TH OPTIONeI2+17H IS NOT AVAILASBLE) iMPEF111
FORMAT (244 INERTIAL PARAMETERs K =,E14.9+13H OUT OF RANGE} IMPEF11?
FORMAT (40H VELOCITY FIELD SCALING PARAMETERe PHT =Zof18.3413H OUT IMPEF113
10F RANGE? IMPEF 11U
END 1MPEF11S
33
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FEIBUL

SUBROUTINE WEIBUL (CHLD ¢ RXKHMD «PDe APD e RKS)

DIMENSION PDI98)«APDI 971 +RKSIIT)

READ (5¢2) ETA+BETAJGAMMA

WRITE (6933 ETA¢BETA+GAKNA

POMER=1.D/BETA

DIFFSETA-GAMMA

00 1 INC=2+98
PD!INC):GAHHA‘lOIFFOW(ALOG(I.OI!l.D-lFLDAT(INC)IIOQ.\ll‘OOPOHE?)W
1F C(INC.EQ,.2) GO YO 1

IzINC-1

APD(II={PDILINC)+2D(INV /2.

IKS(IISACDITI«APDLI e CHLD

CONTINUE

FKNRDTPD (S «POLSOI e CHLD

RETUIN

FORMAT (3F10.0)

FORMAT (28H WEIBULL PARAMETERS: SCALE =¢F10.4.9H SHAPE ZeF 7.4,
112H LOCATION =eF9.4)

END

34

WEIBILN]
MEISULI?
WEIBULDY
WEISULOY
JEI3ULIS
REIBULDA
wEISIL"?
WEIBULOS
HEIBYLNQ
JEISULY?
wgiguLll
wEglsuL1?
dElspLll
WEI3ULLY
WEISULLS
WEI3ULLE
wglisuL)?
dElduLl?
WETAULL
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CLAUDE sPELLEGR INOLLAGRNG

SUBROUTINE LAGRNS (PHIeRAGEFF) LAGRNGE)
OIHENSION ENC13)eEDI130eDIFtI3)aX (131 0ELDITIELNITI«DIFLITIeY(2)s LAGRNG"Y
13NT(3) LAGRYGD Y

OATA X/3e9¢,788u57356+1.60943721+2.3025851043.091742645¢3.912323191LAGRNG"Y
164.60517019+5.29831737+6.21460807¢6.93775526¢7.70074779+8.51719320+La%5RNG"E

29.21N34G38/E0722397020.10-1812698.47+263447,.R88+-A6311.759] ¢ LAGRNGO®
341628.3297+~22779.8643¢18228.2921¢-248986.1752¢45785,74570— LAG]NGNT
489020.30044330206.731+~1864839.07+17170287.1/LD/100¢8.2753¢~ LAGRNG®
51523.10928+610.977450~479.2617b0643.54096%¢~1501.68156¢8921.76717LAGRANGT?
BRNT/0.22¢0.5.1,07 LAGPKGY "
KINZ) LAGONGI Y
IF (1RK.LTLRNT(KIN)Y 50 TO 2 LASANG]?
KINZKI[Ne] LASR%G] T
IF (KIN=3) 1.142 LAGANG] 4
RKLXZALOG(]K) LAGRANGIS
1F (PHI.LE.1.0) GO TG S . LASONSLF
EFFz0.0 LASR%G1Y
INC=1 LA3RNG] 2
IF (RK.GT<64.0) INZzc LAGPN5Y®
00 4 NZ2414.INC LaszaNG2-
CALL O0LY (N+KIN+RKLX+E) LAGRNG Y
IF (INC.£G.2) GO TO 35 - LASRNG22
TFFZEFFeENIN-1)/E0IN-1) o LAGRYSZ?
50 TO 4 LA5R%5 U
1=N/2 LA3SANG?T
SFFZEFFeELNITIZELDIL) of LASPNG ¢
CONTINUE LAGAING27T
IETUAN LA3RNG2:
00 6 N=1e2 LAGING?
CALL POLY (NeKINeRKLXE)? LACINGY™
Y{N)ZE LAGRYG™ Y
CONTINUE LAGRYG?
EFFZY( 1) sl 1.-PHIVeY (2)ePH] LAGRNL TS
FETURN LAS2NGIY
ENTRY NUMRTR(PHI) LA53NG1S
PHILZALOG(PHI) LAGONG1E
DO 7 I=1e13 LAGINGE7
DIF(IYS(PHIL-X(IN) LA3ANG3S
1F (1.6T.7) 60 T3 7 LASANG3 3
OIFLITIIZIOHIL-X(2¢1I-1)) LAGRNGUDN
CONTINUE LAGRNGU Y
00 9 Iz1e13 LAGRNGS ?
ENUMZ].0 LAGINGS 3
ELNUMZ1.0 LAGRNGU 4
00 8 J=1+13 LAGRNGY S
IF (1.€Q.J) GO TQ 8 LAGRNGY &
ENUMZDIF(J)«ENUM LAGRNGY 7
IF {1.6T.7.0R.JoGT.7) GO TO 8 LAGHNGY 8
ELNUMZDIFLIJISELNUN LAGRNGU 9
CONTINUE LAGRNGSD
ENCIDZENUM ' LAGRNGS1
If (1.GT.7) GO TO 9 LAGRNGS 2
ELNtI) ZELNUN LAGRNGS 3
CONTINUE LAGRNGS 4
RETURN LAGRNGSS
END . LAGRNGS 6
35
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LAUSE «PELLEGRINO.OPOLY

SUBROUTINE POLY (NeKINeoXosE) °0L Y3011
DIMENSION NCOFISE)ePl1%eN o8} POLY20"2
DATA NCOF/BeT707¢806¢be60Tene?sTeToebeTeToBebobheTeTabeToTeToebebeleo74POLYINNT
1606160806970 708¢6¢6¢607039807¢b06970T708960¢707¢805¢8¢708/ pOLYNONY
OPHI = O POLYINN®
DATA (P(1e1el)el=106)/-12.200U02¢~-35.459569¢-237.18542¢~862.32274,P0LY000A
1-360.06598¢~111.55255/71P(1e2¢3)0J21¢71/62.348N75+355,39417, POLYONO"?
21030.945141408.1269¢1064e5732+821.75102¢68.78u1330/(P(143eK)ekZ1. 20LYOOQNE
37)/-62.940926¢-12N,18487¢-85.1543269-27.596719¢-3,9510734 ¢~ POLYON™T
4.97751282+4-3.918187T7E-2/(P(1olUsl1eL=1¢81/-1.0536354E-5+1.9332078E-20LY2017
Ste-1a61529158-3¢8.3885181€E-3¢-2.2809549E-2+4,0923174E~23¢~ POLYTI7IL
5.,79783478.-3.9181353t~2/ o20LY3INY?
PHI = 1 POLYJICI
DATA (P{2¢1el)elz1e6)/74.9845675052.832639¢217.534"1,403.96154%, 20LY3014
1376.12180137.721271212+2+03+J21063/-3.6211216€-2.-.177753060~ POLYS0LC
2.54651109¢=.75115414¢~31.28063310-.13762136/(202¢3+sK)eKZ106)/- PILYOILR
31.7649516¢-428308164E1e-1.4690678¢-,22811208+-,77448736¢~ P0LYNC17?
41.1119515E-2/7(P(2eUel)el=1e71/3.387392156E-5e-1.4551483E~3, PGLYIOLE
59.6292832E-3+-2,9244455E~201.8173188E~2¢-.78756638+-1.11135u5E£-27 POLYQO1?
PHI = 2.2 P0L Y027
DATA (PU3elel)elz1¢581/-26,205198¢-212.34232+-668.74266+~J116.7435+.20LY0221
1-9305.754460-293.15808/(P(3¢2¢J)9J3107) /=2.9697585¢-19,546255+~ POLYROY?
252,775889¢-T8.952536¢-58.95064¢2-2513553T+-u4.1293537/(P(3e3+K)Kz20LYDT23
3107171 .62u08254]1.08533720-.935742553¢~,93007128-.152646060~ 20LY30cu

4.76202787+42-U0U2651E~U/(P(3elel ) elZ1¢7)/2.0318435C-5+-5,.9133702E~- 20LYID°S
S4e5,5930552E-3+~2.1070663E-2+142375939€-20~.T7E5U25502,4D83¢57E-4/70LYI076

PHI = 5 20LY20°7
DATA (P(Ue1eI)0IZ106)/-2642124209~2144289T74+-T01.6127+-11468.343,-PNLYIC?8
1941.31809+-307.88626/({P(442¢J)esJ=1¢71/7.855173893¢2.6995224+ PoLYIY?13

2645915579¢8.3665223+5.914887H 1 43E47334.357I586/7(P(4e3eK)oKZisT)I/POLYGGY Y
3-5.813235Ue-14.8262740-13.829123+~5+4803251¢-.8580772¢-.7€031089. P0LYC]Y]

41e7312087€E-2/7(P{Uobel)et=1¢e81/-3.6119607E~5¢643313339E-0.~ POLYJ02
S4.7997086E-3+2.0)67387E-2+-4,.758B17TE-2¢347991413E-2+-.777G8Y22, ©OLYDO33
6.01731202/ POLYOO03u
PHI = 10 POLY2O3S

DATA (PUSelel)el=1e¢68)/=-50.06U9B7¢-423.64833¢~-1415,6474v-2361.2307.20LY0D%6
1-1965.8164s=652,4938U97{P(5¢2¢J3eJ=1eE1/~.062968392+-.19555374¢~ POLYDD3?
2.240327953+.0112486131¢-.60911288¢.097500309/(P15¢3¢K)eKZ107)/ POLYOOD?8
3144597121€E-209.43348899E-2+.28102331+43238649+.20596467+~ P0LYO039
4.7059052303.7057228E~-2/(P(5e8eL)eLZ1+7)/9.6683056E-5+-1.6339242E~ POLYJOXO
5301.1191886E-2+-3.5935414E~203.336479E-2¢-.7662u35+3.7557191E-2/7 ©°0LYDOH1

PHI = 22 POLYDO0U?2

DATA (P(Bolel)el=106)/-T76.950465+-651.63666¢-22064645¢-3732.3263,-POLYD043
$3153.58910-1063.8574/(P(602+J)0eJ=1¢7)/5,7644622¢37.522245, POLY3QuuY
2100.76219¢142.690311+212.43495e85.959003¢8.0517842/7(P(6e3+X)eKZ1+7)00LY0OUS
3/-4e77675580-12,4444BUe~11.500556+-4.5950600¢-.6898708]y~ POLYNOUG
474831659464 6480331E-2/(P(DsbeL)elT1e7)/1.7177586E-4+-2,6882966E~ POLYIOUT
53¢1.67804B5E-2+~438U4T116E-2¢4.9732638E-2¢-.75707841+6.648365E-2/7 20LYOO4S

PHI = 50 POLY3043
DATA (P{T7e1sI)eJZ1¢6)/-59.338282+-501.29199¢-1675,1358+-2793.8696+POLYI050
1-2325.69010~7T71.90325/7(P17+2+d20JZ1961/-.40153328+-1.7185120¢~ POLYODS ]
22.6991333+~1.6266652+-.89185129+.21709087/(P(T7¢3¢K}eKZ10T)/ POLYNQOS2

3547990554E-2¢.31663007+.67074199¢.61650862+.30036899+~.66225648. POLYDOSS
4 o10B659907/7¢P(Totoldel=1070/1853713E-40~-2.7976853E-3+1.7395729E~2+POLYOOSY
5-5.069236E-2¢5.2031505E-2+~473985798+.10659933/ POLYOOSS
PHI = 100 POLYDOSH
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OATA (P(BoleltelZ1e6)/-17.064731e=135.07757¢-427.92271+-677.22163.POLYIOC7

1-535.96207+~168.81351/7(PiBv2eJ)e.d2125)/a34226461¢2.84160%6, POLYNN%S8
2643623609¢7.946648Te4,.0134799+1.2230311/(P{Bs3eK)eK=1e61/~ POLYONCY
36430967280 -9.42142824-4.5663823+-.73041192+~-.71550948+.14857452/7 POLYIQEL
BUPIBP4sL oL =1e8)/9.0060305E~5e-1,2733944E~34645331556E-30~ o0L Y3151
51¢2515118E~2+-3.08124549E~3+1.7035723E-2¢-.713662470.14E57U04/ POLYIIF?2
PHI = 200 2CLY397
DATA (P(9elel} oIz106)/-42.395151¢-355.316474-1192.88335,-2003.9678.P0LYNCFu
1-1684.9216¢-566.20499/(P{9+2¢J)eS=1¢7)/1.0660284+8.7591944. 2GLYINSS
228 .501044+447.268G84D¢42.393325+418.867897¢3.83217267(P(3¢3eK}eKZ14722GLYD56
3/-39.46U761+-81.456T781+-60.7482914-20,641773¢-2,9557241+~ POLYNO%?

4.80941524+.19835457/(P(3eldel)el=1eB)/-2.UBBIFSTE-45,4965]1926-3+- POLYIF 2
53.465441E~2¢.11210716+-.195695567+.16083499,~.7357441.19E05452/ POLYIGA?

PH] = 5030 POLY]IO?
DATA (PU10e1eI1012146)7/-12.0206134-92.566331¢-284.75687+~ 20LY 37}
1436.40904+-333.62156¢~102.80133/(P(13¢2+0J1¢J21+6)1/-1.42573200¢~ POLY’O??
28.0524717+-18,340894¢-19.5614003+-11.357255+~-1.983134D/1P(13e3+K)s POLYDIO?}
IKZ1oE) 74.2123904107.1224666¢4.1790245¢1.012188Ue~,5E806253 oCLY3Q7u
4274585457 (PE1Deltal)el=e7)/1.3737683E-40-2.7265578E-3+1.40532056-PCLYINTS
520-3,7207501€-2¢2.6369855E2¢~.658753359¢.274C9544/ s0LYIQ7F
PHI <= 10300 PCoLYIO7?
DATA (P{21elel)sIzZleS5)/14.829368+37.320297+26N.33338+263.37799. POLYJQAT?
1109.15044/7(P11102¢J)0J21081/17.629397+137.6420334,477,41882 20L Y2072
2885.10322¢987.87372+553.6U5+236.55692¢36.7333U4/(2(11e3eK)eAZ)eT)/POLYD%RF
347.,983167+201.37274¢80.56714¢29.5UB404+4.86160244~,389393037, 20LY5%%]
434078307/ 62(11etel}ol=1e83/-5,.070RU25E-5+4,%3U8R5E-60-1,3181%514F-PGLYIT>2
53+1.7151807E-3¢-2.9558258E-3+¢-1,233578€-2+-.63346749.,,3427E3/ OCLY303?
PHI = 2210 20L Y104
DATA (P(12¢1el)0Iz1+61/-63.3041160-~536.67983+-188°8,27%¢c- 20LY26EcC
13078.5398+-26U4.6811+-879.71803/1(P(12¢2+3)¢J=1¢7:/6, 4439511 POLYS3%F
281.998908¢112.46264+156.048N02¢122.55226049.373179¢8.7539236/1°(12.2C2.Y3027
J3¢K) oKZ107)/-36.484327¢-77.532174¢-62.8028084-24,13272%+- POLYI5%?
44,3251476¢-.92086084.427815/71P(12e4eL) el 21e8)/-3.73073732-60 2CLYJOr s
53.6233045F-5e-2.0078772E-4¢2.1297687E-3¢-1.03€7251€~2¢2.5019194E~- POLYSD:"
63+~-.62493508,.42781593/ 20LYI7?1
PHI = 5000 o0LY33?2
DATA (°P(13¢1el)eI21456)/-103.5358c¢-863.6020R+-3015.1679.- ooLY"n72
15139.6048¢-4376.3562+-1UB87.8048/(P(13e2¢J)5JZ1+7)/74.67E8015, 2CLYIO2U
231950727¢89.923464+133.11754+203,.23784+46.482357¢5,8405497/(P(13.,”20LYI02S
33¢K) oKZ107)/34.1321650F9.52454+53.2816E63+19,0U9472,+3,220048420- 20LYDI3F

4,38616475¢.53065832/7(PI13¢UsL)ol=1e8)/~4.4636RB3E-5¢T7,11U9327E-4,-P0LYN07
S4.7031386E~-3+1.7822142E-2+-4,2363884E-240,4U34352E-2+~,63295244¢ POLYICS?

6.5306588A7/ 2CLY3039
PHI = 10000 s0LY3130
DATA (P{14s1+1).121+5)/710.993253+71.125998+173.31109.187.38633. POLY31%1
17710721471P114020J)0J=1+8)/10.660898 R4, TA8BUU2BF. 49179, poLYNIP2
2532.49198¢587,36U83+384.06309¢137.03167+21.43F196/7(P{14s3eK)eK=1e POLYO1D3
371/-16.2372845-32.2699,=-24.002293+-8.348972Ue-1,38235%4~ POLYTLI Y

4.697228160461335532/(P114elial)elZ]1¢81/-1,.0877396F-4e1.6059967E-3+-P0LYILINS
59.72712656-3¢3.050984E-2+-5.4851738L-2e4.4704111E~-2+-.560594781 POLYD106

6.61335528/ POLYI1G?
NSS4e{N-1)+KIN PoLYTI1"S
HZNCOF ¢(NS) POLYO1"S
RLLRE=P(NKINS 1) POLYJ110
60 1 I=2.H P0LYD111
RLLRESRLLREsX+P(N+KINeI) POLYDL12
CONTINUE POLYO113

]
37

U,

o




114 E<l«7(EXPIEXPIRLLRE}) ) °0LYI114
115 RETURN POLYDLL S

115 END POLY2I1R

BIKAT PIIINTS
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